Epidemiological evidence points to the inverse relationship between microbial exposure and the prevalence of allergic asthma and autoimmune diseases in Westernized countries. The molecular basis for this observation has not yet been completely delineated. Here we report that the administration of certain toll-like receptor (TLR) ligands, via the activation of innate immunity, induces high levels of indoleamine 2,3-dioxygenase (IDO), the rate-limiting enzyme of tryptophan catabolism in various organs. TLR9 ligand-induced pulmonary IDO activity inhibits Th2-driven experimental asthma. IDO activity expressed by resident lung cells rather than by pulmonary DCs suppressed lung inflammation and airway hyperreactivity. Our results provide a mechanistic insight into the various formulations of the hygiene hypothesis and underscore the notion that activation of innate immunity can inhibit adaptive Th cell responses.
Introduction
The dramatic increase in the prevalence of allergic and autoimmune diseases over the last 30 years suggests an important contributory role for environmental factors (1) . The so-called hygiene hypothesis, first suggested by Strachan (2), proposes that a major source of microbial, Th1-like immune provocations has been lost with the decreased incidence of many infectious diseases due to vaccinations, the use of antibiotics, and other modern public health practices. The deficiency in Th1-like provocations leads to an increase in Th2-biased immune responses toward environmental allergens (3) (4) (5) (6) and consequently to an increase in allergic asthma. While the evidence for a role of certain viral and bacterial exposure in protecting against allergic asthma is fairly strong (7, 8) , the hygiene hypothesis in its Th1/Th2 formulation is unable to explain the protective role of helminth infection (a Th2-biased condition) in the development of allergic asthma (9) . Furthermore, it also ignores the increase in the prevalence of Th1-mediated organ-specific autoimmune diseases that has been observed in affluent Westernized societies (10) . These mechanistic inconsistencies of the hygiene hypothesis have been recently challenged by the "counter-regulation hypothesis." This hypothesis proposes that microbial infections induce regulatory T cell (Treg) responses, which display tolerogenic activities and therefore inhibit both Th2-and Th1-immune-mediated immunopathologies (10) . Although the counter-regulation hypothesis provides an attractive explanation, the molecular pathways induced by microbial exposure and tolerogenic responses in the host have not yet been identified.
Toll-like receptors (TLRs) are expressed mainly on macrophages and DCs and recognize signature microbial products. Although the interaction of TLRs with their microbial ligands activates innate immunity to mount a defense mechanism, i.e., upregulation of costimulatory molecules and the production of chemokines and cytokines (11) , it also elicits a counter-regulatory response. In particular, others and we have demonstrated that bacterial DNA, its synthetic immunostimulatory sequence oligodeoxynucleotide (ISS-ODN) analogs (TLR9 ligands), and LPS (TLR4 ligand) induce indoleamine 2,3-dioxygenase (IDO) expression in vivo and in vitro (12, 13) .
IDO, the rate-limiting tryptophan-catabolizing (trp-catabolizing) enzyme, is induced by IFNs (14) and enhanced by IL-10 but is suppressed by IL-4 and IL-13 (15) . IDO is expressed in various cell types, including fibroblasts, macrophages, DCs, trophoblasts (14) , and epithelial cells (16) . DCs expressing IDO contribute to the generation and maintenance of peripheral tolerance by depleting autoreactive T cells (17) (18) (19) and by inducing Treg responses (20) . The IDO-specific inhibitor 1-methyl-DL-tryptophan (M-trp) reverses these effects (20, 21) .
As IDO inhibits T cell reactivity (22) and induces a Treg response (20) , we hypothesized that the induction of IDO by certain TLR ligands could provide the missing link between microbial exposure and the inhibition of allergic asthma and organ-specific autoimmunity. Our studies presented below indicate the inhibitory role of TLR ligand-induced IDO in both Th2-mediated and Th1-mediated lung inflammation.
Results

Differential induction of IDO by ISS-ODN in various organs.
We initially evaluated IDO enzymatic activity in various organs after i.v. ISS-ODN administration. Increased IDO enzymatic activity was observed in the lung, small intestine, colon, uterus, and heart. In contrast, we did not detect a statistically significant increase in IDO activity in the spleen, kidney, pancreas, or brain ( Table  1) . The kinetics of IDO activity in the lung and the spleen are presented in Figure 1A . Although we did not detect an increase in IDO activity in spleen homogenates, when we fractionated the splenocytes into subpopulations we clearly detected induction of IDO activity by ISS-ODN in CD11c + cells (<1% of total splenocytes) ( Table 2 ). The induction of IDO in the lungs was similarly provoked by subcutaneous, intraperitoneal, or intratracheal administration of ISS-ODN ( Figure 1B ). IDO expression in the lung tissue was detected in alveolar and bronchial epithelial cells as well as in cells with macrophage and/or DC features, as shown by immunohistochemical staining (Figure 1, C-J) .
Induction of IDO activity is mediated by IFN-γ and IL-12. ISS-ODN is known to induce TNF-α, IL-6, IL-12, and IFNs in mice (23) . To elucidate the role of ISS-ODN-induced cytokines in IDO expression, we analyzed IDO activity in TNF-α, IL-6, IL-12p40, IFN-γ, IFN-α/β receptor (IFN-α/βR), or IL-1β receptor (IL-1βR) KO mice after ISS-ODN administration. An induction of IDO enzymatic activity in the lungs was detected in TNF-α, IL-6, IFN-α/βR, and IL-1βR KO mice but was absent in IL-12p40 and IFN-γ KO mice (Table 3 and Figure 2A) .
The above results indicate that IL-12p40 and/or IFN-γ are necessary for IDO induction. The induction of IDO by IL-12 is mediated by IFN-γ, and IFN-γ was shown to directly induce IDO expression in the lung tissue (24) . In contrast to those observations, ISS-ODN induced IDO transcript in bone marrow-derived DCs (BMDCs) from IFN-γ KO mice similar to that induced in BMDCs from WT mice ( Figure 2B ). Furthermore, lung CD11c + cells isolated from IFN-γ KO mice after in vivo ISS-ODN administration display a comparable level of IDO expression and enzymatic activity, as was detected in lung CD11c + cells isolated from WT mice under the same conditions ( Figure 2 , C and D) (<1% of total pulmonary IDO activity). These data indicate that the induction of IDO in pulmonary DCs (CD11c + cells) by ISS-ODN is independent of IFN-γ. In contrast, induction of high levels of IDO enzymatic activity in whole lung tissue, which is composed mainly of alveolar and bronchial epithelial cells (CD11c + ), is dependent on IFN-γ.
We next assessed the relationship between low levels of pulmonary IDO activity and the ability of ISS-ODN to inhibit experimental asthma in OVA/alum-sensitized, OVA-challenged, ISS-ODN-treated IL-12p40 or IFN-γ KO mice. These KO mice, unlike their WT controls, were resistant to ISS-ODN treatment and developed airway hyperreactivity (AHR; provocative concentration of methacholine 200 [PC 200 ], or the concentration of MCh needed to induce a 200% increase of enhanced pause [Penh] from baseline measurements]) and eosinophilic inflammation (Table 4) .
IDO inhibits experimental asthma. The data above could suggest that ISS-ODN-induced pulmonary IDO plays a role in the inhibition of experimental asthma. To validate this assumption, we administered the IDO inhibitor M-trp to OVA/alum-sensitized, ISS-ODN-treated WT (BALB/c) mice. M-trp implantation competitively inhibited in vivo IDO activity as assessed by kynurenine (KYN) level in the lungs ( Figure 3A) . Furthermore, M-trp significantly reduced the effects of ISS-ODN on experimental asthma as shown by increases in AHR (measurements of %Penh and airway resistance in Figure 3 , B and C, respectively), eosinophilic infiltration ( Figure 3D ), and levels of IL-5 and IL-13 in the bronchoalveolar lavage (BAL) fluid (Table 5 ). In contrast, M-trp did not interfere with the Th2-mediated pulmonary inflammation ( Figures 3 and 4 and Table 5 ), suggesting that the M-trp effects are not due to some nonspecific antiinflammatory activities of this compound.
IDO controls the pulmonary survival of an OVA-specific Th2 cell line in vivo. To explore whether the inhibition of experimental asthma by ISS-ODN is mediated by IDO-induced cell death of a Th2 cell line, we adoptively transferred an in vitro-differentiated, OVA-specific transgenic (Tg) Th2 cell line (DO11.10) to SCID mice that were treated with ISS-ODN, or with ISS-ODN and M-trp, and then challenged with intranasal OVA. Increased IDO activity was observed in the lung homogenates of ISS-ODN-treated SCID mice ( Figure 4A ). The administration of ISS-ODN, with or without M-trp, inhibited antigen-specific (OVA-specific) T cell trafficking into the lung ( Figure 4B ) but not into the spleen ( Figure 4C ). ISS-ODN administration enhanced cell death of this Th2 cell line in the lungs, and this enhancement was reversed by M-trp ( Figure  4D ). The induction of cell death of the Th2 cell line was organ-specific, since no difference in cell death of the transferred Tg Th2 cell line was observed in the spleens of recipient mice ( Figure 4E ). Figure 4 , D and E, represent a snapshot of the cell death seen on day 5 after ISS-ODN administration. In addition, the administration of ISS-ODN reduced the levels of Th2 cytokines (IL-4, IL-5, and IL-13) in the BAL fluid, and this reduction was partially reversed by the IDO inhibitor M-trp (Table 6) .
IDO controls the pulmonary survival of an OVA-specific Th1 cell line but not of B cells in vivo. IDO activity has already been demonstrated to inhibit activated Th1 cells via the induction of apoptosis (14, 25) . Furthermore, IDO activity was recently shown to inhibit the rejection of pulmonary allografts by recipient T cells (26) . To explore whether ISS-ODN-induced IDO also controls pulmonary Th1 cell survival, we adoptively transferred in vitro-differentiated, OVAspecific Tg Th1 cell line (DO11.10) or WT B cells to SCID mice ( Figure 5 ). In contrast to the Th2 transfer, OVA challenge in these mice significantly increased IDO activity in the lungs, and the administration of ISS-ODN further enhanced this activity (Figure 5A) . The in vivo administration of ISS-ODN did not further increase the direct KYN measurement in the lung homogenate; this reflects that the actual in vivo KYN levels were determined by the in vivo trp availability ( Figure 5B ). As expected, M-trp implantation significantly reduced in vivo KYN levels in the lungs (Figure 5B) . Neutrophil infiltration in the BAL fluid, an indicator of a Th1 lung inflammation (27) , was significantly enhanced by M-trp implantation ( Figure 5C ). In addition, OVA challenge significantly enhanced cell death of the Th1 cell line in the lung ( Figure 5D ), but not in the spleen (Figure 5E ), and the implantation of M-trp reversed this effect ( Figure 5D ). In contrast, the survival of B cells transferred to SCID mice was not affected in the lungs ( Figure  5F ) or in the spleen ( Figure 5G ) after OVA challenge and ISS-ODN administration. Similar data were obtained in experiments designed to evaluate B cell death in an antigen-specific model using OVA-immunized BALB/c mice (data not shown).
Induction of IDO and inhibition of experimental asthma by certain TLR ligands.
Inhibition of experimental asthma has been documented for ISS-ODN (28) and for high but not for low doses of LPS (29) . To determine the relationship between IDO induction by various microbial TLR ligands and the inhibition of experimental asthma, we first measured pulmonary IDO activity after administration of TLR ligands. As shown in Figure 6 , only ISS-ODN and high-dose LPS (50 µg) induced IDO enzymatic activity in the lungs. However, the high dose of LPS was associated with 70% mortality. We attributed this effect to LPS toxicity mainly in the lung tissue. IDO enzymatic activity correlated with reduced AHR (i.e., increased PC 200 ) and with reduced eosinophil infiltration in the BAL fluid (Table 7) .
Discussion
Our results indicate that the induction of pulmonary IDO by ISS-ODN protects the lung from Th2-driven lung inflammation and experimental asthma. Likewise, the induction of IDO in the SCID/ Th1 transfer model attenuated Th1-driven lung inflammation. However, in this case, in contrast to the Th2 transfer model, the inhibition of lung inflammation by ISS-ODN administration was buffered by the intrinsic ability of Th1 cells to induce pulmonary IDO activity after OVA challenge, most probably via the production of IFN-γ, a potent transcriptional activator of IDO (24) . In fact, our data suggest that the induction of pulmonary IDO by antigen-specific Th1 cell lines negatively controls their own survival and their inflammatory response, i.e., M-trp implantation reduced Th1 cell death ( Figure 5D ) and increased neutrophil infiltration, a marker of pulmonary inflammation ( Figure 5C ). IDO can inhibit Th-mediated lung inflammation in multiple ways: (a) it depletes trp availability in the microenvironment (22); (b) it promotes the generation of various toxic trp metabolites, which induce Th cell death (30, 31) ; (c) it generates other compounds, e.g., formylkynurenine, through a reaction that removes oxygen radicals at inflammatory sites (32); and (d) in the case of Th2-mediated lung inflammation, it inhibits the generation of 5-hydroxytryptamine, a potent airway constrictor (33) . These unique and synergistic activities of IDO likely collaborate to inhibit Th2-mediated experimental asthma and to attenuate Th1-mediated pulmonary inflammation. These effects were organ-specific and cell type-specific, since IDO did not affect the survival of adoptively transferred Tg Th cell lines in the spleen (Figures 4 and 5 ) and did not alter B cell survival in the lung or the spleen ( Figure 5 ). The cell death seen in Figure 4 , D and E, and Figure 5 , D-G, represents only a fraction of the total cell death resulting from ISS-ODN-induced IDO, since these numbers reflect only a snapshot of the cell death seen on day 5 after ISS-ODN administration.
The induction of IDO by ISS-ODN in BMDCs and lung CD11c + cells did not depend on IFN-γ (Figure 2) . In contrast, the high level of IDO enzymatic activity observed in the lung tissue (i.e., epithelial cells) (Figure 1 ) after ISS-ODN administration was dependent on IFN-γ ( Figure 2 ). Indeed, in other studies we confirmed that IFN-γ induced IDO expression and IDO enzymatic activity in the murine respiratory epithelial cell line MLE-15 (data not shown). This high enzymatic activity of IDO in the lung epithelial cells rather than in the lung DCs appears necessary to inhibit the Th2-mediated lung inflammation (Figures 3 and  4 , Tables 4 and 5) . A similar mechanism has been observed in the placenta (34) , where high tissue levels of IDO inhibit maternal T cell responses against the developing fetus (21).
Our results also indicate that activation of innate immunity by ISS-ODN, via the induction of IDO, suppresses lung inflammation in the adoptive transfer models. These models rule out the generation of CD4 + CD25 + Treg or of Tr1 cells, thereby eliminating their contribution to the inhibition of lung inflammation via cognate interaction or via their secretion of IL-10 (35). The transfer models, therefore, establish the fundamental contribution of activated innate immunity to the inhibition of Th2-and Th1-mediated lung inflammation. We have previously demonstrated that this protective effect is transient (36) and therefore may require a periodic exposure to immunostimulatory DNA (ISS-DNA; i.e., bacterial DNA) in order to maintain the inhibition of allergic phenotype in a sensitized host. However, epidemiological evidence indicates that the exposure to microbial agents in early childhood provides long-term protection against allergic asthma, suggesting that there is an induction of a memory, adaptive immune response. Treg cells were recently proposed to mediate this protection (10) . In this respect, recent studies have also demonstrated a crucial role for IDO-producing DCs in the induction of a Treg response (19) . Thus, the exposure to certain microbial agents or to their signature compounds (e.g., TLR ligands) can provide an immediate and/or long-term, IDO-related protective effect against Th2-and Th1-driven inflammation. The immediate protective effect is mediated by innate immunity; is organ-specific, i.e., in the lung, placenta, and most probably other organs, as shown in Table 1 ; and is driven by high levels of IDO enzymatic activity in nonimmune cells. This high level of IDO activity generates a hostile and cytopathic microenvironment for the infiltrating Th cells. In contrast, the long-term protective effect induced by microbial agents (including helminths) or their signature compounds is mediated by adaptive immunity (10) . It is initiated by low levels of IDO enzymatic activity in DCs, which elicit effector and memory Treg responses that counter-regulate proinflammatory T cell responses. Our results also provide insight into recent data documenting the differential effects of LPS on the induction of experimental asthma. While administration of low doses of LPS did not prevent the induction of experimental asthma, administration of high doses inhibited its development (29) . As is presented here, high doses but not low doses of LPS induced pulmonary IDO enzymatic activity. Likewise, other TLR ligands, such as Pam3Cys-Ser-(Lys)-4-3HCl (P3C; TLR2 ligand), poly I:C (pI:C; TLR3 ligand), and flagellin (Flag; TLR5 ligand), did not induce pulmonary IDO activity and did not provide an immediate protection against experimental asthma ( Figure 6 and Table 7) .
Why do the lungs have a special ability to produce high levels of IDO upon stimulation with microbial products such as bacterial DNA? A potential answer is based on the unique physiological role of the lung. This organ has evolved to maintain its gas-exchange function while interacting with airborne microorganisms. The lung can develop strong, organ-specific antimicrobial activity while at the same time limiting the potential damage inflicted on the lung parenchyma by subsequent inflammatory processes. IDO has antimicrobial properties against a variety of intracellular pathogens, such as parasites (e.g., Toxoplasma gondii) (37), bacteria (e.g., Listeria monocytogenes) (38) , mycobacteria (e.g., Mycobacterium avium) (12) , and viruses (e.g., cytomegalovirus) (39). The inhibition of intracellular growth of these microorganisms can occur (a) by depletion of intracellular levels of the rarest amino acid, trp, which is essential for their growth, and/or (b) by the generation of antimicrobial trp metabolites. Interestingly, by the very same mechanisms, IDO inhibits Th cell-mediated inflammatory responses and therefore limits the potential damage to lung function. A similar rationale can be applied to IDO induction in the small intestine and the colon (Table 1 ).
In summary, the induction of IDO by certain microbial TLR ligands results in immediate and long-term immunoregulatory activities. In certain aspects this induction of IDO provides a biochemical and an immunological basis for the hygiene and the counter-regulatory hypotheses. However, additional pathways of innate immunity are activated by other microbial products and could promote immunoregulatory functions in the host. One such innate pathway is via DC-SIGN, a C-type lectin expressed on DCs (40) , which, upon ligation with viral, bacterial, mycobacterial, fungal, or helminth-derived carbohydrate structures, induced the secretion of IL-10, an immunosuppressive cytokine, which also promotes a Treg cell response (41) . Thus, the activation of other pathways of innate immunity may also contribute to the inverse association between microbial exposure and the prevalence of allergic and autoimmune diseases. The identification of such novel microbial products allows for the application to modern medicine of lessons initially learned through the hygiene hypothesis.
Methods
Animals.
Mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). IFN-α/βR KO mice were purchased from B&K Universal Ltd. (East Yorkshire, United Kingdom). All animal procedures followed the University of California, San Diego, animal-care guidelines.
Reagents. ISS-ODN (5′-TGACTGTGAACGTTCGAGATGA-3′) and mutated ODN (M-ODN) (5′-TGACTGTGAAGGTTAGA-GATGA-3′) were purchased from Trilink Biotechnologies (San Diego, California, USA). P3C was purchased from EMC Microcol- lections GmbH (Tübingen, Germany), Flag was kindly provided by J. DiDonato (Cleveland Clinic Foundation, Cleveland, Ohio, USA) (42), and LPS and pI:C were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). OVA and various trp metabolites were purchased from Sigma-Aldrich.
Measurement of IDO mRNA levels and enzymatic activity. IDO mRNA levels were measured by RT-PCR using the sense primer 5′-TTAT-GCAGACTGTGTCYTGGCAACTG-3′ and the antisense primer 5′-TTTCCAGCCAGACARATATATGCGRAG-3′, as previously described (12) . We used two measurements to evaluate IDO activity. First, maximal IDO activity was indirectly determined by incubation of various organ homogenates with an excess of exogenous trp (780 µM) as a substrate in the reaction buffer for 30 minutes in vitro (43) . The resulting KYN levels in the reaction homogenates were measured colorimetrically, and the IDO activity was expressed as nanograms KYN per milligrams protein per 30 minutes (43) . Second, to determine the impact of the IDO-competitive inhibitor M-trp on IDO activity in vivo, we directly assessed KYN levels in lung homogenates. The resulting IDO activity in these organs was expressed as nanograms KYN per milligrams protein. Protein concentrations were determined using a BCA protein assay kit (Pierce Chemical Co., Rockford, Illinois, USA).
Culture of BMDCs and isolation of pulmonary and splenic CD11c + DCs. BMDCs were prepared from BALB/c or IFN-γ KO mice as previously described (42) . Single-cell suspensions of lung or spleen were prepared by collagenase digestion as previously described (44) . The DC population was initially enriched by discontinuous Table 6 Th2 cytokine levels in the BAL fluid of adoptively transferred SCID mice density gradient centrifugation using OptiPrep (Axis-Shield PoC AS, Oslo, Norway) according to the manufacturer's instruction. Low-density cells in the interface were harvested, and CD11c + cells were positively isolated using anti-CD11c magnetic beads (Miltenyi Biotec Inc., Auburn, California, USA). The CD11c + population was greater than 90% of the total cells as determined by FACS analysis. High-density cells were collected and served as a CD11c -cell population. Experimental asthma. Airway inflammation was induced by a protocol previously described (45) with minor modifications. In brief, mice (BALB/c, IFN-γ KO, and IL-12 KO) were sensitized by subcutaneous injection of 20 µg OVA absorbed with 500 µg alum (Alhydrogel; Brenntag Biosector AS, Federikssund, Denmark) per mouse in saline on day 0 and day 7. On days 16 and 21, mice were challenged intranasally with 5 µg OVA per mouse. In some groups, ISS-ODN (50 µg/mouse) or one of various TLR ligands was given intraperitoneally 1 day before OVA challenge (day 16). Twenty-four hours after the last challenge (day 22), mice were subjected to measurements of airway responsiveness and sacrificed by CO 2 asphyxiation. In experiments using M-trp, pellets containing either M-trp (80 mg, 10 mg/d release; Innovative Research of America, Sarasota, Florida, USA) or placebo were surgically implanted under the dorsal skin 1 day before ISS-ODN treatment (day 15). Naive mice and OVA/alum-sensitized, PBS-challenged mice served as controls.
Challenge
After the mice were sacrificed, BAL cells, lungs, and spleen were recovered. The total number of cells in BAL were counted, and BAL cells were stained with Wright-Giemsa stain for the differential count. Percentages of eosinophils, lymphocytes, neutrophils, and macrophages were determined microscopically using standard morphological criteria (36) . The total cell number of each cell type was calculated from the total cell number and the percentage of each cell type in the differential cell count. The level of each cytokine (IL-4, IL-5, and IL-13) in the BAL fluid was determined by ELISA (BD Biosciences -Pharmingen, San Diego, California, USA).
Airway responsiveness to methacholine (MCh) was assessed 24 hours after the final OVA challenge using a single-chamber, whole-body plethysmograph obtained from Buxco Electronics Inc. (Wilmington, North Carolina, USA), as previously described (45) . The Penh, a dimensionless value, which correlates well with pulmonary resistance measured by conventional two-chamber plethysmography in ventilated mice (45) , was used to monitor airway responsiveness. In the plethysmograph, mice were exposed for 3 minutes to nebulized PBS to establish base-line Penh values and were subsequently exposed to increasing concentrations of nebulized MCh (Sigma-Aldrich) in PBS using an Aerosonic ultrasonic nebulizer (DeVilbiss Health Care Inc., Somerset, Pennsylvania, USA). Following each nebulization, recordings were taken for 3 minutes. The Penh values measured during each 3-minute sequence were averaged and are expressed for each MCh concentration as the percentage of base-line Penh values following PBS exposure (45) . The PC 200 concentration of MCh describes the provocative concentration of MCh that induced a 200% increase of Penh from base-line measurements (36) .
To determine airway resistance, mice were anesthetized and a midcervical skin incision was made to expose the trachea, which was cannulated with an 18-gauge blunt needle. The airway resistance was measured with an in-line pressure transducer and software program (SCIREQ Inc., Montreal, Quebec, Canada) in intubated and ventilated mice connected to a rodent ventilator, as previously described (46) . Airway resistance measurements were taken at base line, after nebulized PBS, and after each increasing concentration of nebulized MCh (46, 47) .
Preparation of OVA-specific Th1 and Th2 cell lines. CD4 + T cells were positively selected from splenocytes of Tg DO11.10 mice using a MACS CD4 + T cell isolation kit (Miltenyi Biotec Inc.). Naive CD4 + T cells (5 × 10 5 ) were cultured with 5 × 10 6 irradiated splenocytes in RPMI 1640 supplemented with 0.3 µM OVAspecific peptide (OVA 323-339 ) for 7 days (48). For in vitro Th1 differentiation, recombinant IL-12 (40 ng/ml; BD BiosciencesPharmingen) and neutralizing anti-IL-4 mAb (11B11, 10 µg/ml; BD Biosciences -Pharmingen) were added to the culture media. For in vitro Th2 differentiation, recombinant IL-4 (25 ng/ml; BD Biosciences -Pharmingen) and anti-IL-12 mAb (C17.8, 10 µg/ml;
Figure 6
Induction of IDO by various TLR ligands. BALB/c mice (four mice per group) were injected i.v. with ISS-ODN (20 µg), LPS (50 or 1 µg), poly I:C (pI:C, 20 µg), Pam3Cys-Ser-(Lys)-4-3HCl (P3C, 25 µg), or flagellin (Flag, 50 µg). IDO activity in lung homogenates was assessed 4 days after injection by KYN assay. IDO activity is expressed as fold induction over the activity measured in PBS-injected mice (100%). *P ≤ 0.05 vs. OVA-immunized and PBS-treated mice. BD Biosciences -Pharmingen) were added to the culture media. The commitment to a Th1 or Th2 phenotype was confirmed by CFSE labeling of the T cells after the initial OVA stimulation (more than five cell divisions as determined by FACS) and by measurement of their cytokine profile in the supernatants after OVA stimulation (49) : in vitro-differentiated Th1 cell lines secreted high IFN-γ (2.83 ± 0.09 ng/ml) and undetectable IL-4, IL-5, and IL-13 (<50 pg/ml), whereas in vitro-differentiated Th2 cell lines secreted high IL-4 (79.5 ± 7.7 ng/ml), IL-5 (10.7 ± 1.0 ng/ml), and IL-13 (21.7 ± 1.7 ng/ml) and undetectable IFN-γ (<50 pg/ml).
Adoptive transfers and induction of Th1-and Th2-mediated lung inflammation. In vitro-differentiated OVA-specific Th1 or Th2 cell lines (5 × 10 6 ) were transferred i.v. to SCID mice on day 0 as previously described (48) . Mice that received the Th2 cell line were given intranasal OVA (50 µg) daily for 4 days (days 1-4) before being analyzed, whereas mice that received the Th1 cell line were given intranasal OVA (50 µg) twice, once on day 3 and once on day 4. On day 5, mice were sacrificed, BAL fluid was collected, and the lungs were perfused with PBS and harvested for further studies. BAL cells were Wright-Giemsa-stained (36) , and single-cell suspensions of spleen and lung were prepared by being passed through a sterile cell strainer.
In some experiments, B cells were isolated from the spleens of BALB/c mice using MACS CD19 microbeads (Miltenyi Biotec Inc.), and 5 × 10 6 purified B cells were then transferred i.v. into SCID mice treated with or without ISS-ODN and then intranasally challenged with OVA as described for Th2 transfer. To study antigen-specific B cell death, BALB/c mice were immunized four times, on days 0, 7, 14, and 21, with OVA (20 µg) absorbed with alum (500 µg). Mice were challenged with OVA twice, once on day 26 and once on day 31. Mice were then sacrificed 24 hours after the last challenge. Lung cells and splenocytes were prepared and stained for FACS analysis (see below).
FACS analysis, Western blot, and histological examination. Cells were stained for CD4 (BD Biosciences -Pharmingen) and DO11.10 T cell receptor (Caltag Laboratories, Burlingame, California, USA). B cells were identified with anti-B220 Ab (BD Biosciences -Pharmingen). Staining with 7-amino-actinomycin D (7-AAD; BD Biosciences -Pharmingen) was performed according to the manufacturer's instructions. The stained cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences -Immunocytometry Systems, San Jose, California, USA). Western blot was performed using rabbit anti-IDO antiserum (43) following standard methods.
Ten-micrometer cryosectioned lung tissues were stained with anti-F4/80 (Serotec Inc., Raleigh, North Carolina, USA) followed by biotin anti-rat Ab (BD Biosciences -Pharmingen), and visualized by alkaline phosphatase-streptavidin (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA) and Vector Blue (Vector Laboratories Inc., Burlingame, California, USA). These sections were subsequently stained with rabbit anti-IDO Ab (50) followed by HRP-anti-rabbit Ab (Jackson ImmunoResearch Laboratories Inc.) and then developed with NovaRed (Vector Laboratories Inc.). Sections were also stained with rabbit anti-keratin Ab (DakoCytomation California Inc., Carpinteria, California, USA) followed by DAKO EnVision System HRP-anti-rabbit Ab (Dakocytomation California Inc.) and then visualized with NovaRed. These sections were subsequently stained with anti-IDO Ab, followed by alkaline phosphatase-anti-rabbit Ab, and then developed with Vector Blue (Vector Laboratories Inc.).
Statistics. Data were compared using the Student's t test. A P value of less than or equal to 0.05 was considered statistically significant.
